High-throughput sequencing studies generate vast amounts of taxonomic data. Evolutionary ecological hypotheses of the recovered taxa and Species Hypotheses are difficult to test due to problems with alignments and the lack of a phylogenetic backbone. We propose an updated phylum-and class-level fungal classification accounting for monophyly and divergence time so that the main taxonomic ranks are more informative. Based on phylogenies and divergence time estimates, we adopt phylum rank to Aphelidiomycota, Basidiobolomycota, Calcarisporiellomycota, Glomeromycota, Entomophthoromycota, Entorrhizomycota, Kickxellomycota, Monoblepharomycota, Mortierellomycota and Olpidiomycota. We accept nine subkingdoms to accommodate these 18 phyla. We consider the kingdom Nucleariae (phyla Nuclearida and Fonticulida) as a sister group to the Fungi. We also introduce a perl script and a newick-formatted classification backbone for assigning Species Hypotheses into a hierarchical taxonomic framework, using this or any other classification system. We provide an example of testing evolutionary ecological hypotheses based on a global soil fungal data set.
Introduction
Fungi are one of the largest groups of eukaryotes that play key roles in nutrient and carbon cycling in terrestrial ecosystems as mutualists, pathogens and free-living saprotrophs (McLaughlin and Spatafora 2014) . Because many fungi are unculturable and seldom produce visible sexual structures, molecular techniques have become widely used for taxonomic detection of species to understand shifts in their richness and composition along environmental gradients (Peršoh 2015; Balint et al. 2016; Tedersoo and Nilsson 2016) . Accurate taxonomic identification to species, genera and higher taxonomic levels is a key for reliable assignment of ecological and functional traits to taxa for further ecophysiological and biodiversity analyses Jeewon and Hyde 2016; Nguyen et al. 2016; Edgar 2017; Tedersoo and Smith 2017) . Furthermore, molecular methods have revolutionized our understanding concerning phylogenetic relationships among the Fungi and have substantially altered the morphology-based classification system Wijayawardene et al. 2018 ). Availability of fulllength rRNA gene and protein-encoding marker gene sequences (James et al. 2006a ) and evolution of high-resolution genomics tools (Spatafora et al. 2016 (Spatafora et al. , 2017 has further refined the order of divergence and classification of the major fungal groups (e.g. Zhao et al. 2017) .
Species-level molecular identification of fungi takes advantage of the Internal Transcribed Spacer (ITS) region of ribosomal RNA (rRNA) gene (Gardes and Bruns 1996; Kõljalg et al. 2005; Schoch et al. 2012; Nilsson et al. 2014) . The ITS region is not, however, reliably alignable across families and higher taxa, which renders large-scale phylogenetic approaches and testing evolutionary ecological hypotheses (cf. Cavender-Bares et al. 2009 ) impossible. Information concerning phylogenetic distance among fungal taxa in communities enables to detect relatively subtle shifts in diversity and better understand community assembly processes (Fouquier et al. 2016) . Using rRNA 18S gene sequences, Maherali and Klironomos (2007) demonstrated that phylogenetically overdispersed communities promote biomass strongest, but growth benefits of arbuscular mycorrhizal fungi are phylogenetically conserved. Rousk et al. (2010) showed that soil pH has a strong effect on fungal and bacterial phylogenetic composition on a local scale.
Depending on the target group of organisms and taxonomic resolution, plant, microbial and fungal ecologists typically test the importance of environmental variables on fungal diversity at the level of orders, classes or phyla, but not their subranks or various ranks intermixed due to simplicity and avoiding confusion (e.g. Tedersoo et al. 2014; Maestre et al. 2015) . For better comparability across fungi and preferably across all organisms, taxonomic ranks should be monophyletic and exhibit at least roughly similar age (Hennig 1966; Avise and John 1999; Yilmaz et al. 2014; Samarakoon et al. 2016; Hyde et al. 2017; Tedersoo 2017a) . For example, orders and classes in chytrids and zygomycetes should ideally correspond to these ranks in Dikarya. So far, the class rank is little used and orders are non-corresponding in most early-diverging lineages such as Chytridiomyceta, Rozellomyceta, Zoopagomyceta, etc. This is due to great differences in the described richness, an order of magnitude different number of taxonomists working on these groups and the abundance of phylogenetically informative morphological and ecophysiological characters (Samarakoon et al. 2016) . A number of reclassifications have been performed in Pucciniomycotina and Agaricomycotina to make the constituent orders and classes correspond to those in Ascomycota . Using divergence time in ranking taxa has recently gained popularity in mycology, but these studies focus on specific phyla, classes or lower-level taxa Liu et al. 2016; Zhao et al. 2016 Zhao et al. , 2017 Hyde et al. 2017) .
Although plant and fungal taxonomists follow the criterion of monophyly (i.e. taxa share an exclusive common ancestor), this is commonly violated in higher-level classification of eukaryotes (including fungal phyla) as many of the high-ranking taxa are intentionally maintained polyor paraphyletic (such as Choanozoa in Fig. 1 ; e.g. CavalierSmith 2013; Ruggiero et al. 2015) . Because of different resolution and poor correspondence of ranks among phyla in terms of evolutionary time, the modern fungal classification systems of Species Fungorum (www.spe ciesfungorum.org), MycoBank (www.mycobank.org), UNITE (Abarenkov et al. 2010) , Faces of Fungi (Jayasiri et al. 2015) , International Nucleotide Sequence Databases consortium (https://www.ncbi.nlm.nih.gov/taxonomy), Adl et al. (2012) , Cavalier-Smith et al. (2014) and Ruggiero et al. (2015) do not fully satisfy the expectations of ecologists and biodiversity researchers.
The objective of this initiative is to develop the fungal classification as a user-friendly tool for both taxonomists and ecologists. We propose an updated higher-level classification scheme for the Fungi and a backbone classification tree that accounts for published phylogenies, divergence times and monophyly criterion. We also present a bioinformatics routine that can be utilized in evolutionary ecological studies using any classification scheme and organism group. To demonstrate its usefulness in addressing complementary research questions, we provide an example about testing evolutionary hypotheses in a global ITS-based high-throughput sequencing data set.
Methods

Revised classification of Fungi within eukaryotes
To provide independent estimates of phylogenetic relationships and divergence times within Holomycota, we constructed dated phylogenies based on 18S and 28S rRNA gene sequences. Initially, we selected 111 taxa (at least two taxa from each phylum) to represent multiple classes from all fungal phyla, Nucleariida, Fonticulida as well as Metazoa and Choanoflagellida (outgroups). Sequences were aligned using MAFFT (https://mafft.cbrc.jp/align ment/server/), followed by manual editing and exclusion of unambiguously aligned regions. Maximum Likelihood (ML) phylogenies were constructed using RAxML 8.2.10 (Stamatakis 2014) over CIPRES Science Gateway platform (https://www.phylo.org/). Members of Microsporidea, clade GS01 and other taxa with branch length exceeding the average [ 3-fold were removed from the alignment, because these destabilized the phylogeny via long branch attraction (available as Online Resource 1). The final data set was comprised of 90 terminals and 5296 characters, which was subjected to ML analysis with 1000 bootstrap replicates and molecular clock analysis using BEAST v2.4. (Bouckaert et al. 2014) . To compare the phylogenetic congruence among phyla, we also used alignments of James et al. (2006a) for RNA Polymerase II subunits 1 (RPB1) and 2 (RPB2) and Translation Elongation Factor 1a (TEF1a), supplemented with more recent sequences from the early branching fungal lineages. Because \ 50% of terminal taxa and phyla were shared among rRNA and protein-encoding genes, it was unfeasible to run a combined analysis.
For the molecular dating analysis, we used a secondary calibration point for the Holomycota clade because of excluding protists. We used four other fossil-based calibration points, which also included the parent node (i.e. stem age) of each clade ('use originate' option). As the calibration prior for the Holomycota, we applied a lognormal distribution with a mean in real space of 200, a standard deviation of 0.3, and an offset of 885 Ma. The offset is based on minimum inferred data for this node (Berbee and Taylor 2001) , and the distribution was set to accommodate for other inferred dates (Table 1) , which averaged 1028.7 Ma. For the fossil-based calibrations, we set the minimum age of Ascomycota to 440 Ma (Ornatifilum), Glomeromycota to 410 Ma (Scutellosporites devonicus), Blastocladiomycota to 410 Ma (Palaeoblastocladia milleri) and Basidiomycota to 330 Ma (hyphae with clamp connections) following Taylor et al. (2014) , and applied a lognormal prior distribution in real space for each (mean = 200, sd = 0.1). Except for the calibrated nodes, no other clade was constrained to be monophyletic. Both rRNA gene partitions were linked to infer a topology and branch lengths jointly, but for clock and substitution models, partitions were left unlinked. The substitution model was inferred together with the phylogeny by using the BEAST 2 package bModelTest (Bouckaert and Drummond 2017) . Model parameters were averaged over visited substitution models and weighted given the support of each model. We used a lognormally distributed relaxed clock model with default priors (ucldMean = Uniform [-inf,inf] ; ucldStdev = Gamma[0,inf]) to account for branch-rate heterogeneity. Two MCMC chains were run in parallel for 170 million generations, sampling every 20,000 states. Convergence and chain mixing were assessed by visually inspecting and comparing log files in Tracer v1.6 (Rambaut et al. 2014) . After a burnin of the first 10% of states, posterior estimates were summarized onto a maximum-clade-credibility (MCC) tree using TreeAnnotator from the BEAST 2 suite. Posterior stem ages for all groups Lazarus and James (2015) , Torruella et al. (2015) , Spatafora et al. (2016) and . The numbers of classes are adapted from the proposed taxonomy (Online Resource 2). The ages of kingdoms and phyla exceed 1000 and 542 Ma, respectively (Table 1 ) were extracted by importing post-burnin posterior tree to R v3.4 (R Core Team 2017), using functions in ape (Paradis et al. 2004 ) and phangorn (Schliep 2011) packages.
To update fungal classification, we systematically compiled taxonomic literature concerning order to phylum level molecular phylogenies of fungi and other major groups of eukaryotes. This information was compared with the current classification of Fungi using multiple sources (Adl et al. 2012; Cavalier-Smith 2013; Ruggiero et al. 2015 ; Species Fungorum, International Nucleotide Sequence Databases consortium, MycoBank and UNITE as of 12 October 2017. We used the following principles for taxonomic hypotheses: (1) taxa should be monophyletic based on molecular phylogenies; and (2) the basic taxonomic ranks should reflect divergence times. We selected 542 Ma (the Phanerozoic-Proterozoic boundary) of divergence to separate class and subphylum vs. phylum-level treatment of Dikarya, zygomycetes and 'chytrids', which corresponds to the original proposal of Hennig (1966) for animals and matches the recommended time line for Ascomycota . Groups with divergence times over roughly 700 Ma were treated in different subkingdoms. To reduce the potential analytical bias of this study, we considered mean divergence time estimates across multiple independent estimates (Table 1) .
We found that the classification provided in International Nucleotide Sequence Databases consortium is by far the most updated regarding current taxonomic literature and thus, we used this as a baseline for proposed corrections. We also accommodated previously unrecognized soil fungal clades (cf. ) to this classification (Online Resource 2), because many of these groups are common and diverse in the soil environment and there are no available reference sequences from formally described species.
Evolutionary ecological analysis tool
To enable evolutionary ecological analyses, we converted the proposed hierarchical classification to newick format to serve as input to Phylocom (http://phylodiversity.net/phy locom/), picante (Kembel et al. 2010 ) and S.PhyloMaker (Qian and Jin 2016) packages of R using the perl script taxonomy_to_tree.pl (Online Resource 3). For each nine taxonomic ranks (species, genus, family, order, class, subphylum, phylum, subkingdom and kingdom), we used the default branch length = 60 that can be easily divided into full numbers. The branch length of each rank and each taxon can be modified by custom preferences to account for subranks and different age of taxa. The full taxonomic table with branch length parameters in separate columns represent the input for classification tree. A newick-formatted tree with branch length information represents the output (Fig. 2) . The respective backbone tree of fungi, To test the performance of the phylogenetic tool, we utilized the global soil fungal data set of 313 high-quality samples by 44,571 OTUs . We sought to test the hypothesis that OTU-level taxonomic richness, phylogenetic diversity and phylogenetic overdispersion of fungi exhibit similar patterns across biomes. The initial fungal and unassigned OTUs were re-classified based on the updated classification and assigned to the classification backbone with branch length = 60 between each of the eight ranks. For each sample, we calculated the phylogenetic diversity (total branch length for all OTUs per sample) and uniqueness (unique branch length for each sample) metrics (cf. Lozupone et al. 2007 ) as well as the nearest taxon index (NTI) and net relatedness index (NRI). NTI and NRI depict phylogenetic overdispersion (negative values) and phylogenetic clustering (positive values) across the sister OTUs and across the entire phylogenetic tree, respectively (Webb 2000) . We used the number of OTUs to weigh the phylogenetic diversity (PD OTU ) and uniqueness metrics (UNIQ OTU ), because of their strong initial correlation (R [ 0.7) with richness. We calculated standardized residuals for OTU richness, accounting for square-root function of sequencing depth. We also attempted to compile a community phylogenetic dissimilarity matrix using UNIFRAC distance, but this computation-intensive process was not completed within one week. We tested the effect of biomes and tree vs. grass-dominated (grasslands, savannas, low tundra) habitats on the five richness and diversity metrics using one-way ANOVAs supplied with Tukey HSD tests for unequal sample size. None of the metrics were correlated with sequencing depth or residuals of the number of OTUs (R \ 0.17).
Results and discussion
Phylogenetic relationships in Holomycota including Fungi
Phylogenetic analyses of nearly complete rRNA genes provided strong resolution for the order of divergence for most fungal phyla and provided estimates of their divergence times, which were roughly in agreement with previous rRNA-based analyses, but provided relatively greater support values due to more inclusive taxon sampling covering uncultured groups (Figs. 3, 4) . The phylograms of RPB1 and RPB2 genes were generally congruent with rRNA gene concerning the placement of the major fungal groups, with the exception of the position of Glomeromycota and Mortierellomycota (Figs. 5, 6 ). Contrasting positions of these groups are also evident in previous multigene and phylogenomic studies (James et al. 2006a; Spatafora et al. 2016) . Differences in placement of other groups are almost certainly affected by the paucity of protein-encoding gene data for many critical taxa (e.g. the early diverging lineages, Entorrhiza, Calcarisporiella, Olpidium). The TEF1a marker did not reveal any strong relationships among phyla (not shown).
Consistent with most other rRNA-based (Brown et al. 2009 ) and phylogenomics (Torruella et al. 2015) studies, the amoeboid protist orders Nucleariida and Fonticulida constituted a strongly supported sister taxon to Fungi (Figs. 3, 4) . The soil-and freshwater-inhabiting Basal Clone Group 2 (BCG2; Monchy et al. 2011 ) formed a wellsupported sister lineage to the rest of the Fungi (Figs. 3, 4) . In a more inclusive taxon sampling, BCG2 was related to the terrestrial clade GS01 , which grouped with Microsporidea within Rozellomycota, probably due to long branch attraction, in this study (Online Resource 1). Another formally undescribed phylum-level group, the marine Basal Clone Group 1 (BCG1; Nagahama et al. 2011 ) was placed as a sister group of Rozellomycota (Figs. 3, 4) in our analyses, although with moderate The aphelids branched off after the clades of BCG2 and Rozellomycota ? BCG1, with strong support. This pattern supports previous rRNA gene-based studies ), but conflicts with some other analyses utilizing rRNA (Karpov et al. 2017b; Letcher et al. 2017) or proteinencoding (Torruella et al. 2017) genes. These studies that may suffer from lower taxon sampling, place aphelids close to Rozellomycota.
The branching order of 'chytrids' and zoopagaceous zygomycetes was poorly resolved, but most of the phyla were strongly supported as monophyletic (Figs. 3, 4) . Multigene and phylogenomics studies also provide conflicting information about the divergence order of these groups (James et al. 2006a; Spatafora et al. 2016) . Nonetheless, these studies are in agreement with our analyses in maintaining the mucoromycetous zygomycetes and Dikarya, taken together, monophyletic. Yet, while multigene studies keep the mucoromycete zygomycetes monophyletic, these groups branch off separately in our rRNA-based phylograms. This is known to be one of the greatest disparities of rRNA and most protein-encoding genes in settling higher-level fungal evolution (Spatafora et al. 2016) . 
Updated classification of Holomycota including Fungi
Combining molecular phylogenies and molecular clockbased divergence time estimates of this and previous studies (Table 1) (Page, 1987; Scoble and Cavalier-Smith 2014) . Berbee et al. (2017) proposed to include Nucleariida and Fonticulida within the extended kingdom Fungi. This is not, however, warranted in our opinion, because these taxa have never been considered as Fungi and the constituent taxa have several unique structural (lack of chitin cell walls, discoid mitochondrial cristae) and ecophysiological (amoeboid habit, phagocytotic nutrition) characters as well as specific features in genomic structure such as the lack of division II Chitin synthase gene (James and Berbee 2012; Torruella et al. 2015) . Because Nuclearia spp. and Fonticula alba form deep lineages in a sister position to Fungi (Figs. 3, 4 , Online Resource 1) and they possess different lifestyles as single and colonial amoebae, respectively, we advocate that both groups warrant a phylum of their own within the kingdom Nucleariae. Based on the type genera Nuclearia and Fonticula, we propose phyla Nuclearida and Fonticulida, respectively. Recent studies indicate that Nucleariae are phylogenetically diverse and perhaps more common in aquatic habitats than soil (López-Escardó et al. 2018) .
Within the kingdom Fungi, we follow the current International Nucleotide Sequence Databases consortium taxonomy as much as feasible based on the examination of phylogenies and classifications. We propose several changes at the phylum and class level and we further introduce subkingdoms to enable communication of related phyla. Of the nine subkingdoms, Dikarya (Basidiomycota, Ascomycota and Entorrhizomycota), Mucoromyceta (Calcarisporiellomycota, Glomeromycota, Mortierellomycota and Mucoromycota), Zoopagomyceta (Entomophthoromycota, Kickxellomycota, Zoopagomycota) and Chytridiomyceta (Chytridiomycota, Monoblepharomycota, Neocallimastigomycota) comprise multiple phyla, whereas Aphelidiomyceta, Basidiobolomyceta, Blastocladiomyceta, Olpidiomyceta, Rozellomyceta cover a single phylum. We propose raising eight taxa from lower taxonomic levels to phylum rank-i.e., Basidiobolomycota, Calcarisporiellomycota, Glomeromycota, Entomophthoromycota, Kickxellomycota, Monoblepharomycota, Mortierellomycota and Olpidiomycota-to follow the criteria of monophyly and comparable divergence time (Figs. 3, 4 ; Table 1 ). These distinctions are also supported by key ecophysiological differences among these groups (Spatafora et al. 2017 ). Many of the phyla have been described previously, but have not been adequately classified.
Multiple unicellular groups of organisms occur at the base of fungal tree of life and their position within or outside fungal kingdom is debatable. The clades GS01 and Basal Clone Group 2 represent a potential successive sister lineage to all fungal phyla, albeit with limited statistical support (Tedersoo et al. , 2018 . Since nothing is known about the morphology of these clades, we consider these tentatively as subkingdom-level groups within Fungi, because of their supported monophyly with Fungi and divergence time of \ 1000 Ma. Many taxonomists place the unicellular Rozellomycota, Microsporidia and Aphelida within Fungi (James et al. 2006a; Jones et al. 2011a , Adl et al. 2012 James and Berbee 2012 and further studies on fungal classification), but other authors indicate the monophyly of Aphelida and Rozellomycota in a sister position to all other Fungi (Karpov et al. 2013; 2014b , 2017b Letcher et al. 2013 Letcher et al. , 2017 and treat this socalled ARM clade as phylum Ophistosporidia (Karpov et al. 2014b ) or a part of the intentionally paraphyletic phylum Choanozoa, which includes protists at the base of Metazoa (Cavalier-Smith 2013; Ruggiero et al. 2015) . However, taxonomically more inclusive phylogenies place these groups separately-Rozellomycota and Microsporidia at the basal position of Fungi but Aphelida nested within 'chytrids' and/or zoopagaceous zygomycetes (Lazarus and James 2015; Tedersoo et al. , 2018 . Therefore, we suggest renaming of Aphelida to Aphelidiomycota to meet the standards of nomenclature. We prefer the name Rozellomycota over Cryptomycota, because (1) the phylum-level taxon Rozellida was described before Cryptomycota and (2) Rozellida hints to the type Rozella, whereas Cryptomycota hints to Cryptomyces, which is an ascomycete. Recent phylogenies indicate that Microsporidia are deeply nested within Rozellomycota (Corsaro et al. 2014; Haag et al. 2014; Keeling et al. 2014; . To keep Rozellomycota a single monophyletic phylum, we consider microsporidians at the class (Microsporidea) level within this group. Because of the historical taxonomic 'heritage', classification of Microsporidea needs to follow the International Code of Zoological Nomenclature (see Didier et al. 2014) . Rozellomycota and other fungal phyla share the division II Chitin synthase gene, which is absent in the Nucleariae (James and Berbee 2012) . Furthermore, Rozellomycota and other fungal phyla share the AAA lysine synthesis pathway and predominately osmotrophic nutrition (Corsaro et al. 2014) . Chitin is present in cell wall of all fungal groups including some life stages of Microsporidea, but it has been apparently secondarily lost in many if not all members of Rozellomycota due to their endoparasitic lifestyle (Jones et al. 2011b; Corsaro et al. 2014) . Unfortunately, much less is known about the structure and genome of Aphelidiomycota, but existing evidence points to their great similarity to Rozellomycota (Karpov et al. 2014b (Karpov et al. , 2017b . Most importantly, much of the scientific community has accepted Rozellomycota as part of fungi (evident in continuously evolving classification systems of International Nucleotide Sequence Databases consortium, UNITE, MycoBank).
Within the former 'chytrid' group, Monoblepharomycota is considered as a separate phylum comprising classes Hyaloraphidiomycetes, Monoblepharidomycetes and Sanchytriomycetes class nov., following the phylogenies in Powell and Letcher (2014) and Karpov et al. (2017a) . The treatment of the family Olpidiaceae within Olpidiomycota at the phylum level is warranted based on phylogenies and age, but its exact position remains uncertain (James et al. 2006a; White et al. 2006; Sekimoto et al. 2011 ). Although Basidiobolomycetes is treated within Entomophthoromycota (Humber 2012 ), these associations are not supported by individual genes (Figs. 3, 4, 5; Sekimoto et al. 2011; Gryganskyi et al. 2013 ) and therefore, we consider this taxon as a separate phylum. Our rRNA and RPB1 gene analyses revealed a moderately supported sister relationship between Basidiobolomycota and Olpidiomycota (mean estimated divergence, 682 Ma) supporting an earlier hypothesis of James et al. (2006a) .
The formerly known phyla Mucoromycota and Zoopagomycota are emended so that these are comprised of the subphylum Mucoromycotina and Zoopagomycotina, respectively (sensu Spatafora et al. 2016 ). Entomophthoromycota comprise the subphylum Entomophthoromycotina with the classes Entomophthoromycetes and Neozygitomycetes (Humber 2012) . The subphylum Kickxellomycotina is treated at phylum rank (Kickxellomycota), whereas its constituent orders and deeply branching orphan genera are raised to class rank (Asellariomycetes, Barbatosporomycetes, Dimargaritomycetes, Harpellomycetes, Kickxellomycetes; Ramicandelaberomycetes) based on a multi-gene phylogenetic treatment (Tretter et al. 2014) .
The newly described Calcarisporiellomycota phylum nov. (comprising Calcarisporiella thermophila and Echinochlamydosporium variabile) represents a deep lineage with strongest affinities to Mucoromycota (Hirose et al. 2012; Yamamoto et al. 2015) or Mortierellomycota . Mortierellomycota is treated as a distinct phylum because of consistent phylogenetic distinction of Mortierellales from the remaining Mucoromyceta (James et al. 2006a; Sekimoto et al. 2011; Spatafora et al. 2016; . We also accept Glomeromycota at the phylum rank as initially proposed by Schüßler et al. (2001) , rather than take up subphylum Glomeromycotina as proposed by Spatafora et al. (2016) . We find that its deep divergence within Mucoromyceta warrants a phylum-level distinction, which is supported by its asexual habit and exclusively arbuscular mycorrhizal lifestyle, which also occurs in Endogonomycetes of Mucoromycota (Orchard et al. 2017) . Following Oehl et al. (2011) , the orders of Glomeromycota are treated at the class rank, viz. Archaeosporomycetes, Glomeromycetes (comprising Diversisporales, Gigasporales and Glomerales) and Paraglomeromycetes, with mean divergence times at 384-477 Ma (Fig. 4) . Although our rRNA gene analyses suggest that Mucoromyceta are paraphyletic with respect to Dikarya, protein-encoding genes (including RPB1; Fig. 5 ) provide strong support for the monophyly Mycoromyceta as a sister group to Dikarya (Chang et al. 2015; Spatafora et al. 2016) . Therefore, we rely on the previous phylogenomics analyses and consider Mucoromyceta effectively monophyletic. At the subphylum and class level, the internal structure of most phyla is retained. Class-level treatment was not attempted for Aphelidiomycota and Rozellomycota due to a lack of formal classification and insufficient sequence data from specimens. We only accommodated the classlevel soil fungal clades (cf. and Microsporidea into the classification system of these phyla. The orders of Mucoromycota are all treated at the class level (Endogonomycetes, Mucoromycetes and Umbelopsidomycetes) due to their deep branching in phylogenies (mean ages 380-560 Ma). Endogonomycetes diverged from other Mucoromycota 560 Ma and radiated 522 Ma (mean ages; Fig. 4 ), potentially warranting phylum-or subphylum-level consideration, for which more in-depth studies are needed. We also treat all former orders of Chytridiomycota at the class level (mean ages 330-420 Ma), viz. Chytridiomycetes, Cladochytriomycetes, Lobulomycetes, Mesochytriomycetes (comprising Mesochytriales and Gromochytriales), Polychytriomycetes, Rhizophlyctidomycetes, Rhizophydiomycetes, Spizellomycetes and Synchytriomycetes (James et al. 2006b; Karpov et al. 2014a; Seto et al. 2017; . In the Blastocladiomycota, we accommodate the family Physodermataceae in class Physodermatomycetes, which is warranted by its distinct phytopathogenic mode of nutrition, early branching position and age (505 Ma; James et al. 2006b; Porter et al. 2011) . In Zoopagomycota, the order Zoopagales is treated at class rank (Zoopagomycetes). We find that the hierarchy in Ascomycota Wijayawardene et al. 2018 ) and Basidiomycota (2000) and Karpov et al. (2014b Tedersoo et al. cl. nov ., Index Fungorum ID: 554000 Diagnosis: Thallus polycentric or monocentric; monocentric species with multiple rhizoidal axes. Motile zoospores spherical, usually [ 4 um diam, with or without flagellar plug and kinetosome spur; 0-3 microtubule roots present; nonflagellated centriole equal to or longer than diameter and attached to kinetosome throughout its length; cultures grow on chitin; habitat mostly in soil and freshwater. Type: Polychytrium Ajello Remark: The above description is combined from Longcore and Simmons (2012) and Powell and Letcher (2014 Diagnosis: Thallus monocentric, eucarpic; sporangium interbiotic, inoperculate or endo-operculate with one or several discharge apparatus, rhizoidal axes multiple; kinetosome at sharp angle to the non-flagellated centriole and attached to it throughout most of the length; cytoplasmic microtubules absent; habitat mostly in agricultural soils. Type: Rhizophlyctis Fischer Remark: The above description is taken from Powell and Letcher (2014) . Order Rhizophlyctidales Letcher, Mycol. Res. 112:1034 . 2008 Class Rhizophydiomycetes Tedersoo et al. cl. nov., Index Fungorum ID: 554002 Diagnosis: Thallus monocentric; ribosomes enclosed by a system of double membranes; mitochondria, microbodies, lipid globules, and membrane cisterna are typically associated as a microbody-lipid globule complex. The nonflagellated centriole and kinetosome lie parallel or slightly angled toward each other and are connected by fibrillar material. The base of the flagellum proper lacks an electron-opaque plug; parasites and saprobes mostly in soil and freshwater. Type: Rhizophydium Schenk Remark: The above description is combined from Letcher et al. (2006) and Powell and Letcher (2014) . Order Rhizophydiales Letcher, Mycol. Res. 110:908. 2006 Class Spizellomycetes Tedersoo et al. cl. nov., Index Fungorum ID: 554003 Diagnosis: Thallus monocentric, eucarpic; sprorangium inoperculate; nucleus of zoospores associated directly or indirectly with kinetosome; rumposomes absent; replacement of the translation elongation factor 1-alpha gene by elongation factor-like gene in genome; mostly saprotrophs in soil and parasites of animals, fungi and stramenopiles. Type: Spizellomyces D.J.S. Barr Remark: The above description is combined from Barr (1980) and Powell and Letcher (2014) . Order Spizellomycetales D.J.S. Barr, Can. J. Bot. 58:2384 . 1980 Class Synchytriomycetes Tedersoo et al. cl. nov., Index Fungorum ID: 554004 Diagnosis: Thallus endobiotic, holocarpic, in a form of a resting spore or sorus surrounded by a membrane, colonial in some stages of development; zoospores posterior, uniflagellate; with a single lipid globule surrounded by cisternae of endoplasmatic reticulum and microbodies; gamma-like vesicles present; nuclear cap lacking; two kinetosomes almost in parallel, transversely striated; dictyosome solitary, associated with posterior rumposome; flagellar apparatus comprises kinetosome and secondary centriole; flagellar terminal plate biconcave if present; mostly pathogens of terrestrial plants. Type: Synchytrium de Bary & Woronin Remark: The above description is combined from Doweld (2014c) and Powell and Letcher (2014 Remark: This description is adapted from Powell and Letcher (2014 
Evolutionary ecological analyses
Based on the updated fungal classification framework of nine subkingdoms, 18 phyla, 23 subphyla, 74 classes, 215 orders, 731 families and 5377 genera, we generated an analytical tool, which enables to perform simple evolutionary ecological analyses. The perl script taxonomy_to_tree.pl maps Species Hypotheses to the existing taxonomic framework within seconds by omitting resource-consuming alignment and phylogenetic analyses with nucleotide and amino acid sequences. In principle, the tool can be used to link any OTU taxonomy matrix (cf. Fig. 2 ) to custom classification system to prepare a newickformatted tree for statistical testing. These analyses enable to test hypotheses about differences in (1) phylogenetic diversity, (2) phylogenetic community turnover and (3) phylogenetic community organisation (phylogenetic overdispersal vs. conservation). The two main drawbacks of this method are (1) the lack of resultion at nodes that are divided into [ 2 subtaxa, and (2) the lack of branch length information. For example, the method does not distinguish between the order of divergence of Pezizomycotina classes, or it does not account for the long branches of Zoopagomyceta and Microsporidea. However, given the calibration to divergence time, the standardisation of branch length can be beneficial on many occasions. Nonetheless, because of these approximations, analyses of trait evolution, diversification and ancestral states cannot be performed with the Fungi_TH_1.1 data set. Evolutionary ecological analyses are more powerful when using either (1) real community sequence data (e.g. Schadt et al. 2003; Veldre et al. 2013) or (2) community taxonomic data mapped onto sequence-based phylogenies (Branco 2010; Fouquier et al. 2016) . Use of original sequence data would require utilisation of a genetic marker that is alignable across the entire target group and thus the ITS barcode would be usually restricted to genus or familylevel analyses. The more readily alignable 18S and 28S rRNA genes tend to lack resolution at the level of species and functional groups by lumping ectomycorrhizal and saprotrophic fungal species in many cases. The alternative options include use of protein-encoding gene barcodes such as RPB2 (Vetrovsky et al. 2016) or a long barcode spanning ITS and 18S or 28S (Timling et al. 2014; Tedersoo et al. , 2018 . Mapping of OTUs to sequence-based phylogenies is difficult, because it essentially assumes building a backbone phylogeny that spans all genera of fungi and construction of multiple small trees associated to the backbone. The backbone would be limited to taxa that have a representative gene sequence present in databases and assignable to a coherent set of ITS sequences (Fouquier et al. 2016) . In large-scale studies, nearly half of all taxa cannot be assigned to described genera . Because the relationships of these unassigned taxa to 18S/28S rRNA gene backbone cannot be determined, these taxa need to be excluded from construction of hybrid phylogenies. In addition, comparable sequence data for 18S and 28S rRNA genes does not exist for most ascomycete and basidiomycete genera.
Testing the taxonomy_to_tree.pl script on a global soil fungal OTU taxonomy matrix enabled to construct a rough phylogenetic tree in 1 s using an ordinary laptop computer. The analyses revealed that while OTU richness is greatest in tropical forest biomes and lowest in grassy biomes , PD OTU and UNIQ OTU are greatest in the grasslands and shrublands biome but lowest in temperate and boreal forest biomes (Fig. 7a-c) . The NRI indicated that fungal communities in all biomes are phylogenetically clustered (Fig. 7d) . By contrast, the NTI revealed that tropical forest and savanna biomes were significantly phylogenetically clustered and only southern temperate forests are phylogenetically overdispersed (Fig. 7e ). These differences in NTI and NRI suggest that southern temperate forest sites harbour relatively fewer congeneric (and confamilial) relatives, whereas tropical lowland forests stand out by more even distribution of higher-ranking taxa. The low taxonomic but high phylogenetic diversity of grassy habitats reflects both high proportion of OTUs belonging to early diverging fungal lineages and low paucity of OTUs belonging to hyperdiverse EcM fungal genera. Taken together, the main benefits of the proposed approach include taxonomic coverage of all OTUs assignable to fungi, simple and rapid tree construction as well as understanding phylogenetic perspectives on community composition.
Conclusions
We propose an alternative higher-level classification of Fungi based on the criteria of monophyly and comparable divergence times to provide a more natural classification and improve the taxonomic and phylogenetic precision in evolutionary ecological and biodiversity analyses. To enable such analyses, we provide a taxonomy_to_tree.pl script and a backbone classification tree. The script can be used for communities of any organisms with elaborate hierarchical classification schemes. Because our fungal classification is built on rRNA genes with some support from two protein-encoding genes, we anticipate that the order and time of divergence of the main fungal groups remain to be resolved using phylogenomics approach with much improved taxon sampling (Torruella et al. 2017; McCarthy and Fitzpatrick 2017) . We advocate that single-cell genomics analyses offer great promise for generating genome data from members of the unnamed phyla and potentially unculturable early diverging fungal lineages (Seeleuthner et al. 2018) .
